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have previously been almost impossible to observe directly. By using animal-mounted instruments simultaneously recording movements, diving behavior, and in situ oceanographic properties, we studied the behavioral and physiological responses of southern elephant seals to spatial environmental variability throughout their circumpolar range. Improved body condition of seals in the Atlantic sector was associated with Circumpolar Deep Water upwelling regions within the Antarctic Circumpolar Current, whereas High-Salinity Shelf Waters or temperature/salinity gradients under winter pack ice were important in the Indian and Pacific sectors. Energetic consequences of these variations could help explain recently observed population trends, showing the usefulness of this approach in examining the sensitivity of top predators to global and regional-scale climate variability. body condition ͉ ocean observation ͉ oceanography ͉ elephant seals T he Southern Ocean (SO) is one of the most productive of the world's oceans, mainly a result of short, intensive spring phytoplankton blooms (1) . Because of restrictions on landocean-atmosphere interactions by the Antarctic ice cap, nutrient supply via rivers and dust is generally small or absent. Input of sedimentary nutrients is limited to coastal shelves, whereas pelagic waters over deep basins can be enriched via nutrient release from melting sea ice (2) , advection of nutrient-rich water masses from upstream shelf regions (3), or upwelling from distant sediment sources (4) . The spatial and temporal distribution of nutrients is therefore highly influenced by interactions between bottom topography, water mass properties, ocean currents, and sea-ice dynamics. Significant phytoplankton blooms occur mostly on continental or island shelves, in the wake of the retreating sea ice or along frontal systems within the Antarctic Circumpolar Current (ACC) (5) . Understanding the responses of higher trophic levels to such spatial and temporal variability is fundamental to the effective management of living resources in the SO, and for predicting how animals may respond to climate change and the consequent changes in ocean circulation, ice dynamics, and biogeochemistry.
It is often difficult or impossible to observe directly how marine predators interact with their environment and the prey within it. It is especially challenging to obtain information on diet and the distribution of potential prey for long-ranging migrating species. Stomach contents and fecal remains are rarely available, and sufficiently detailed surveys of prey distribution are often lacking. Most studies of foraging ecology of marine predators have instead attempted to correlate habitat use or movement patterns to environmental characteristics (6) (7) (8) . Such studies do not adequately examine prey choice or food web interactions, but can characterize critical habitats for conservation and management purposes. Relating movement and behavioral data from animal tracking to specific local environmental features is also challenging. For instance, data on ocean surface properties may not be good indicators of environmental conditions relevant to deep-diving species, and subsurface data are often not available at relevant spatial and temporal scales. It is not surprising that some studies have found strong correlations between behavioral patterns and environmental characteristics (8, 9) , whereas other results have been more ambiguous (10) .
To understand the effects of environmental variability on foraging success and, ultimately, reproductive performance requires not only direct measurements of reproductive output coupled with studies of movement patterns while at sea, but also some method of identifying where and when animals actually improve their body condition. Appropriate feeding indices are often difficult to obtain, and most studies instead use proxies such as changes in movement patterns and time spent within discrete areas. Although these patterns may indicate high search effort, they do not necessarily relate to foraging success or, even more importantly, changes in animal condition.
Southern elephant seals (Mirounga leonina) represent a unique opportunity for studying links between environmental variability, individual physiology, behavior, and population dynamics across a range of scales in space and time. They are long-ranging (6, 11) and deep-diving (12) predators that can potentially access a wide range of geographic and oceanographic regimes in the SO, from benthic shelf areas to midwater pelagic water masses. They require ample stored reserves obtained at sea to fuel their reproductive efforts on land. Declines occurred at key colonies in the Indian and Pacific sectors during the 1950s-1970s (13) (14) (15) , whereas populations in the Atlantic sector remained stable (15) (16) (17) . A recent reexamination concluded that changes in the marine environment were the most plausible cause of the observed declines (18) .
The diet of elephant seals is not well known. Because of their long migrations, stomach contents are almost entirely digested by the time seals return to land where prey remains can be studied. Cephalopods (squid and octopus) probably constitute their main diet (19) (20) (21) , but new methods for diet study suggest that fish may, at least seasonally, make up a significant proportion (22) . The spatial and vertical distribution of potential prey species is also poorly understood, especially during the winter season. It is, nevertheless, critically important to describe seal movements and habitat use, and to describe the environmental features that characterize their feeding habitats. Movements, habitat use, and diving behavior have been intensively studied at some colonies (6, 10, 11, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) , but there has been no comprehensive description of these across the entire range of the species. Attempts to physically characterize their feeding habitats have been limited to remotely sensed surface water properties.
Recent developments in animal-borne sensors and data loggers have resulted in an oceanographic instrument: the conductivitytemperature-depth satellite relay data logger (CTD-SRDL) (35) , capable of providing high-accuracy vertical temperature/salinity (T-S) profiles relayed via satellite. See Materials and Methods and supporting information (SI) for details on instrument specifications, sensor accuracy, data compression, and transmission strategies, etc. When deployed on deep-diving and long-ranging marine vertebrates, these instruments provide extensive spatial coverage and high temporal resolution of key physical oceanographic variables while simultaneously resolving the spatial and temporal scales of importance to the behavior and physiology of individuals. Species returning regularly to breathe at the surface (such as seals, whales, and turtles) allow data to be relayed via satellite in near-real time. This approach complements traditional oceanographic data collection methods, especially in logistically difficult regions such as the SO. Many seals inhabit seasonally ice-covered seas, and regularly dive beneath the ice where most ocean-observing techniques cannot operate effectively. Here, we present results from Southern Elephant Seals as Oceanographic Samplers (SEaOS), a circumpolar study demonstrating how this unique approach can be used to study interactions between large marine predators and their environment.
Results and Discussion
We deployed CTD-SRDLs on 85 southern elephant seals from key colonies throughout the SO (Fig. 1 ). Instruments were deployed in January and February at the end of the annual molt, and lasted throughout most of the Antarctic winter season (mean Ϯ 1 standard deviation, 160.9 Ϯ 83.3 days). The longest track (326 days, highlighted in Fig. 1 ) covered the entire winter migration of a South Georgia female (February 14 to October 9, 2005). The tag remained attached during the Ϸ30-day breeding period at South Georgia, and covered almost the entire subsequent summer trip (November 8 to January 1). Overall, seals delivered 2.3 Ϯ 0.4 complete temperature (T)-S profiles per day, at an average spacing of 21.3 km (95% less than 62 km apart; see SI).
Movements and Distribution. The movements of the 85 seals extended the documented range of the species, and demon-strated the circumpolar coverage of their migrations, from subtropical waters in the north to continental polar waters in the south (Fig. 1 ). One conspicuous exception is the apparent avoidance of the Weddell Sea. Seals in the Atlantic sector did not cross the Weddell/Scotia Confluence into Antarctic waters. Instead, the majority remained within the ACC, and a few individuals migrated into waters to the north of the Subantarctic Front (SAF). Similarly, seals tagged at the South Shetland Islands that migrated east into the Atlantic Sector stayed north of the South Scotia Ridge marking the border between the Scotia and Weddell Seas.
The only South Georgia seals to reach Antarctic waters did so along the shelf and shelf break west of the Antarctic Peninsula or in the Bellingshausen Sea during late summer before moving north into the ACC as the ice expanded in the autumn (Fig. 1 ). These patterns are consistent with previous studies (6) suggesting limited use of Antarctic waters. Most seals from the South Shetlands remained on or close to the western Antarctic Peninsula shelf. However, some of the South Shetland seals undertook very long migrations to the west, either along the Antarctic Polar Front (PF) or the ice edge, overlapping with seals from the Macquarie Island population ( Fig. 1 ). Migration patterns of seals from Kerguelen and Macquarie Island were less variable. Generally, a rapid southerly transit across the ACC frontal systems into Antarctic waters was followed by meandering movements, either in relatively confined, seasonally icecovered shelf waters along the East Antarctic coastline, or within the pack ice in the northern part of the Ross Sea ( Fig. 1 ). Few seals from Kerguelen and Macquarie remained within the ACC during the entire tracking period or moved northward into the ACC when the ice expanded in winter. In contrast to South Georgia, seals from these two populations spent very little time north of the SAF.
Diurnal Variations in Diving. Elephant seals from all colonies displayed strong diurnal patterns, presumably reflecting diurnal vertical migrations of prey. But day and night dive depths were not uniform across the SO. Overall, dives were deeper in the northern parts of the SO and became shallower toward the south. This was especially evident for nighttime dives, which were substantially deeper (Ͼ500 m) north of the PF than further south (Ϸ200-400 m; Fig. 2 ). The greatest diurnal differences were found between the SAF and the Southern ACC Front (SACCF), where seals typically dived to Ϸ200-300 m at night and 400-600 m or more during daylight hours. South of the SACCF, diurnal variations gradually diminished, in some regions because of the continental shelf where seals typically dived to or near the seafloor during both day and night. Interestingly, a similar pattern was observed over deep water in the northern Ross Sea, where dive depths were relatively consistent between 200 and 400 m, regardless of the time of day. Small-scale variations in dive depth were observed in some areas, such as within the main ACC system in the Atlantic sector (Fig. 2) , possibly indicating association with high eddy activity and increased vertical mixing processes at these frontal regions.
Drift Rate and Relative Body Condition. Changes in animal buoyancy (i.e., relative fat content; see ref. 33 , Materials and Methods, and SI) varied substantially across the SO (Fig. 3) . For most South Georgia seals, the largest positive changes occurred within the ACC, especially between the SAF and the SACCF, but seals migrating to the west of the Antarctic Peninsula also displayed substantial positive changes while on the shelf break and in the Bellingshausen Sea. Most seals from Kerguelen and Macquarie showed strong negative changes while migrating across the ACC, especially between the PF and SACCF. In the Indian Ocean sector, this zone broadens meridionally around the Kerguelen Plateau (36), representing a large region of apparently unfavorable foraging conditions. For these two populations, positive changes in drift rate were observed mainly south of the SACCF, either along the continental margin and shelf break along East Antarctica or within the marginal ice zone in the Ross Sea. Kerguelen and Macquarie seals remaining within the ACC showed positive changes mainly associated with the PF. There were many smaller-scale variations in the change in buoyancy, particularly in the Atlantic sector. These small-scale variations likely reflect the patchy distribution of prey resulting from the high eddy activity and small-scale dynamics of these frontal ACC regions.
Physical Ocean Properties. The following analyses focus on the seawater properties at the deepest point of each dive (see Materials and Methods). The South Shetland data set was excluded from these analyses because of the limited number of seals for which the entire set of physical and behavioral data were available. Seals from South Georgia encountered a wide range of physical water properties but tended to target waters typical of the ACC. Potential temperatures were relatively uniform at 2.02 Ϯ 0.27°C, whereas salinities showed two clusters at 34.38 Ϯ 0.05 and 34.58 Ϯ 0.09. These values correspond either to Upper Circumpolar Deep Water or, in the case of the lower salinities, the boundary between Upper Circumpolar Deep Water and Antarctic Intermediate Water (AAIW) (37) . A smaller cluster was also observed at significantly higher temperatures and lower salinities (5.34 Ϯ 0.12°C and 34.16 Ϯ 0.08, respectively). These characteristics were observed mainly from one seal spending Ϸ2 months in a well defined area at Ϸ20°west of Drake Passage north of the SAF, and are consistent with deep-reaching highly mixed surface waters in late winter indicative of the formation of Subantarctic Mode Water and AAIW in this region (38) . Physical water properties encountered by Kerguelen and Macquarie seals were strikingly different from those for South Georgia seals, but were consistent with their geographic distributions. Although some seals remained in ACC waters similar to those of South Georgia seals [two potential temperature/salinity (-S) clusters at 1.98 Ϯ 0.56°C and 34.38 Ϯ 0.13 or 34.60 Ϯ 0.06, indicating waters between the PF and the SAF], most used colder and/or more saline waters. The main cluster showed -S characteristics typical of waters of the Antarctic Slope Front and shelf waters, with temperatures approaching the seawater surface freezing point (Ϫ1.70 Ϯ 0.16°C) and salinities ranging from Ϸ34.0 to 34.6. Some of these profiles measured along the continental margin of East Antarctica had -S characteristics consistent with High-Salinity Shelf Water, a precursor of Antarctic Bottom Water. These preferences were even more obvious when -S values corresponding to positive changes in drift rate were highlighted. Most of the positive changes for Kerguelen seals occurred in these extremely cold water masses associated with the Antarctic shelf regions (Fig. 4) , although -S characteristics associated with positive changes in drift rate for the few individuals remaining within the ACC were similar to those of the majority of the South Georgia seals. Although temperatures close to the freezing point were also observed in profiles from Macquarie seals over deep water in the Ross Sea pack ice, seals in this region appeared to favor warmer waters (1.47 Ϯ 0.13°C) with salinities of 34.70 Ϯ 0.52. This corresponds to the subsurface and S maxima at depths of Ϸ200-300 m, immediately below the permanent thermocline at the interface between cold winter surface waters and the Circumpolar Deep Water. This is consistent with the lack of diurnal pattern in this region and the restricted vertical depth coverage, suggesting that elephant seals feeding within the pack ice over deep basins dive through the cold surface mixed layer to target sharp discontinuities that may represent important overwintering areas for mesopelagic fauna (39) . Most of the observed positive changes in drift rate for Macquarie seals occurred within these well defined -S and depth ranges, although some also displayed positive changes in waters encountered within the ACC with characteristics typical for the SAF (2.52 Ϯ 0.20°C and 34.17 Ϯ 0.13).
Global Snapshot of Elephant Seal Habitats.
This study of southern elephant seal migrations from some key breeding and moulting sites during their long-ranging winter feeding migrations provides a unique simultaneous circumpolar view of the habitat use of any SO predator. The in situ hydrographic measurements of water masses across both their horizontal and vertical ranges also provide a direct description of the detailed environmental conditions experienced by them. Because our information about the distribution and abundance of potential prey is sparse at best, this study does not attempt to correlate seal movements, behavior, and changes in condition to prey fields and diet per se. Our approach instead attempts to characterize the foraging habits of elephant seals in terms of the physical environment processes that influence nutrient availability and biological productivity. In the highly dynamic three-dimensional marine environment where geography alone is a poor descriptor, the in situ oceanographic measurements obtained by the approach presented in this paper provide a detailed description of these physical characteristics at spatial and temporal scales relevant to the animals.
The most obvious emerging pattern is the substantial basinscale difference in habitat use by seals in the Atlantic sector in contrast with those in the Indian and Pacific sectors. The ACC frontal systems in the Atlantic are known for their comparatively high primary productivity (40) , presumably driven by a combination of iron enrichment from nearby shelf areas (3) and possibly upwelling of Circumpolar Deep Water enriched in nutrients from sources in, for example, the North Atlantic. ACC frontal systems in the Atlantic sector may therefore represent an accessible and predictable resource for South Georgia seals. Although similar processes of nutrient enrichment have also been described from island shelf regions in other sectors of the SO, such as around Crozet (41) and Kerguelen (42) , these regions are substantially smaller than those in the Atlantic sector. The high upwelling and diffusivity rates reported for the Scotia Sea (43) may also cause higher nutrient enrichment and hence support higher primary production than in other regions. These differences may explain the high usage of the ACC frontal system by South Georgian seals, whereas this strategy was much less common among seals from Macquarie and Kerguelen. During the shorter summer migrations between breeding and molt, seals from Macquarie and Kerguelen may be restricted to more northern regions closer to their colonies (44) , leading to migration patterns more similar to those from South Georgia. Nevertheless, it seems clear that the South Georgia population operates within different oceanographic regimes from other populations, at least during the winter migration.
Our findings are summarized schematically in Fig. 5 , which compares hydrographic properties (-S) measured by seals with historical data along a representative SO vertical section. It is clear from this figure that areas in which elephant seals show positive changes in body condition can be characterized by specific hydrographic properties, and that these properties follow the general horizontal and vertical circulation regimes of the SO. In general, within the ACC, regions of upwelling of nutrient-rich Circumpolar Deep Water are clearly favored, whereas there is an almost total avoidance of AAIW. South of the ACC, favorable conditions are mainly found beneath the seasonally mixed layer, in waters that feature temperature and salinity maxima derived from the Lower Circumpolar Deep Water. In the subpolar gyres, this water is often termed Warm Deep Water. Another region of positive change in body condition corresponds to the sinking and spreading of mixed waters to the south of the Antarctic Slope Front. The predicted depth ranges correspond well with those observed and presented in Fig. 4 , including the gradual deepening to the north within the ACC.
Ecological Implications. The observed differences in the occurrence of positive changes in drift rate between populations could have important consequences for the energy budgets of these animals. As an example, our results suggest that seals from Kerguelen and Macquarie may spend four times longer in transit compared with their South Georgia counterparts before they show signs of improved body condition. Seals from Kerguelen and Macquarie may therefore spend as much as one extra month in transit during a roundtrip winter migration and travel an extra distance of Ͼ1,000 km. Using equations of the diving metabolic rate of grey seals (45) scaled up to the body size of elephant seals, we estimate that this corresponds to the expenditure of four to five times more energy, which must be recouped by a higher net energy gain while on the feeding grounds to ensure an unchanged overall net energy balance over the entire trip. Based on estimates of reproductive expenditure of female elephant seals (see, e.g., ref. 46 ), a breeding female at Kerguelen or Macquarie that is unable to recoup this additional expenditure at sea would have to reduce her reproductive expenditure on land by Ϸ10-20% compared with her South Georgia counterpart, either by reducing the energy and material transferred to her pup or by somehow reducing her metabolic overheads. This could have a negative effect on the subsequent survival of their pups, particularly in years of low or uncertain summer food abundance. Although these estimates are relatively imprecise and do not take individual variation in energy budgets into account, they nevertheless suggest a simple mechanism that may contribute to the different population trends observed for these populations during the 1950s-1970s. There is evidence for a significant decline in Antarctic sea ice extent through this period along the coast of East Antarctica (47) , whereas some other regions (notably the Weddell Sea) remained relatively unchanged (48) . The hydrographic properties we identified as key features of favorable feeding regions depend partially on sea ice dynamics. It is likely that such changes in circulation patterns and ice conditions may affect prey abundance and/or distribution and, ultimately, the net energy gain of seals while at sea. This discussion suggests possible mechanisms by which environmental variation can affect individual behavior and ability to obtain sufficient energy stores to allow them to reproduce successfully, and exemplifies a promising approach for studying these interactions. As pointed out in ref. 49 , such detailed individual studies are also crucial for understanding population changes and how they are affected by environmental variability. (n ϭ 19) , representing the main breeding populations around the SO (Fig. 1) . We assessed spatial and temporal changes in diurnal diving behavior by using weighted mean daytime and nighttime dive depths. These were calculated by using weights defined by Gaussian density curves centered at local noon and midnight, respectively, with the 5-95% interval extending to 3 h in either direction. Values therefore represent the weighted mean dive depths over 6-h day and night periods. We estimated changes in body condition of seals from their buoyancy, measured by the vertical rate of passive descent or ascent during so-called ''drift dives.'' This method has previously been described by Biuw et al. (33) , and provides a qualitative, indirect measure of changes in relative fat content. Briefly, buoyancy of seals at depth is almost entirely determined by relative amounts of lipid and lean tissue, and important feeding habitats can be inferred by mapping the change in relative lipid content (i.e., buoyancy as measured by drift rate) across the animals' range. Behavioral and physiological data were linked with the contemporaneous in situ measured physical properties collected by the seals, allowing us to study their responses to oceanographic features. See SI for details of sensor accuracy and compression algorithm. To define the most important seawater properties encountered by seals, Gaussian mixture models (50) were fitted to the and S properties measured at the deepest point of each dive, where the entire range of a given property can be described by a mixture of several normal distributions. The individual mixture components (clusters) can then be conveniently defined by their means and standard deviations. Fig. 5 . Generalized section of the SO, highlighting areas where southern elephant seals are predicted to change their relative body fat stores. We used typical sections of temperature and salinity from the Levitus 1°data set (52) . The derived potential density values were matched to those in table 2 in Heywood and King (37) to highlight the main water mass boundaries between AAIW, Upper Circumpolar Deep Water (UCDW), and Lower Circumpolar Deep Water (LCDW). Colored contours represent the accumulated number of matches between temperature, salinity, and derived density values obtained from seals, and corresponding values in the schematic hydrographic section. We used only values at the deepest point of each profile, and only those profiles obtained during periods of positive change in drift rate. The arrows indicate the main circulation pathways as summarized by Toggweiler et al. (53) . Note the preference for upwelling regions of Circumpolar Deep Water and water mass transformation regions adjacent to the Antarctic continent, and the avoidance of regions of AAIW subduction. The gradual deepening of predicted regions to the north agrees well with the patterns of daytime and nighttime dive depths shown in Fig. 2. 
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